Abstract-In this paper, a formulation for calculating the effective permittivity of a piezoelectric layered SAW structure is given, and the exact frequency response of ZnO/diamond/Si-layered SAW is calculated. The effective permittivity and phase velocity dispersion of. ,a ZnO/diamond/Si -layered half space are calculated and discussed. The frequency response of an unapodized SAW transducer is calculated, and the center frequency shift caused by the velocity dispersion is explained. In addition, the electromechanical coupling coefficients of the ZnO/diamond/Si -layered half space based on two different formulas are calculated and discussed. Finally, based on the results of the study, we propose an exact analysis for modeling the layered SAW device. The advantage of using the effective permittivity method is that, not only the null frequency bandwidth, but also the center frequency shift and insertion loss can be evaluated.
I. INTRODUCTION
As to the modeling of the SAW transducer, Hachigo and Malocha [9] used the delta function model to calculate the null frequency bandwidth of ZnO/diamond/Si-layered SAW and found the reduction of the bandwidth caused by velocity dispersion. In addition, they presented the dispersive equivalent circuit model for layered structures.
In this paper, the frequency response of a ZnO/diamond/ Si-layered SAW was calculated using the effective permittivity approach. The formulation based on the matrix method [10]- [13] for calculating the effective permittivity of a layered piezoelectric medium is given. The effective permittivity and phase velocity dispersion of a ZnO/diamond/Si-layered half space was calculated. The frequency response of an unapodized SAW transducer was then calculated based on the effective permittivity method, and discussions were given on the shifting of the center frequency. The electromechanical coupling coefficients of the ZnO/diamond/Si-layered half space based on two different formulas are compared and discussed. Finally, based on the results of the study, we propose an exact analysis for modeling the layered SAw device.
P R o P A G A T I o N Of surface in layered structures has been of interest in the development of dispersive SAW devices. By including a high velocity diamond layer between a piezoelectric layer and a Si substrate, the surface wave velocity can be increased significantly [l] , [2] . This results in an increase in the SAW frequency without a decrease in the electrode spacing into the submicron region.
EFFECTIVE PERMITTIVITY OF A LAYERED PIEZOELECTRIC MEDIUM

--
In addition, layered SAW also preserves the advantages of high collpling coefficient and tiny temperature coefficient [3].
In the quasi-static approximation, the governing field equations of piezoelectricity can be expressed as In the last decade, there are experimental as well as theoretical investigations on the layered SAW. In the theoretical calculation, Adler [4] , [5] presented a matrix approach for studying SAW and pseudo SAW in layered piezoelectric media. Later, based on the matrix method, Adler and Solie [6] calculated the electromechanical coupling of layered SAW with ZnO on diamond. In the calculations, different boundary conditions were considered. By using the conventional approach for calculating surface wave dispersion, Nakahata.et al. [7] reported analyses of phase velocity and electromechanical coupling coefficient for three different layered SAWS with diamond as the middle layer. In a subsequent paper, Nakahata et al. [8] also reported experimental results on a 2.5-GHz S24W filter on diamond. Manuscript received September 26, 2000; accepted July 20, 2001 . Financial support of this research was provided by the National Science Council of ROC through the grant NSC89-2218-E-002-033.
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where p is the mass density and Di is the electric displacement. aij and ui are the Cauchy stress tensor and the mechanical displacement, respectively. The piezoelectric constitutive equations with the displacement u i and the electric potential $ as variables are of the form In these equations, C i j k l is the elastic stiffness tensor at constant electric field of the piezoelectric medium, elij is the piezoelectric tensor, and eil is the dielectric permittivity tensor at constant strain. For plane harmonic waves propagating in the x-direction of a planar layered system (Fig. l) , the mechanical displacement vector u, the z-component of the electric displacement vector D,, I DT X Fig. 1 . Coordinates of the planar-layered half space. the traction vector t, and the electric potential 4 can be expressed in the forms:
where w is the circular frequency and IC, is the wave number along the x-direction of the plane harmonic wave. ii(z), D,, 5, and $ are the amplitudes of u, D,, t, and 4, respectively. According to the state vector formulation of elastic waves in anisotropic solids, the governing equations [( 1)-(4)] can be arranged in the matrix form as [lo] - [13] : -where N is called the fundamental acoustic tensor. The solution of (9) can be expressed in terms of the propagator matrix (or called transfer matrix), e--iNz, and the initial condition at z = 0, f ( 0 ) , as --
This solution is appropriate for a multilayered system, because the overall solution can be obtained by multiplication of the solutions for each layer. However, numerical difficulties are encountered for large frequency-thickness values, for both growing and decaying potentials are mixed in the propagator matrix. For multilayered media, the surface impedance approach can be adopted to avoid the numerical difficulties [12] , [13] . Using this approach, the gener- ments of the transfer matrix, the surface impedance tensor of the layered piezoelectric medium can be defined as [13] 
where the surface impedance tensor G is a 4 x 4 matrix, which can be derived from the eigenvalue-eigenvector decomposition. The recursive formulas of G for layered media are shown in Appendix A for convenience. where G , is the mechanical part of G and is a 3 x 3 matrix. gT4 and g& are 3 x 1 vectors. gT+ is the electromechanical coupling between the traction and the electric potential, and gzu relates the electric displacement to the particle displacement. The superscript "T" in g& denotes the transpose. The scalar go4 relates the electric potential to the electric displacement. Eq. (14) can then beexpanded as
--Consider a ZnO/diamond/Si-layered half space in contact with a vacuum, the traction on the top surface of ZnO must be zero. The electric displacement at z = -hdzamond + hzno = H in the solid side is denoted as Dzlz=,-( where the continuity of the electric potential at the interface has been employed. Fig. 2 is a plot of the effective permittivity of a ZnO/diamond/Si-layered half space. In the calculation, the frequency was chosen as 1000 MHz, and the thickness of the diamond layer was 22 pm and; of the ZnO layer was 0.9 pm. In the figure, the solid line represents the real part of effective permittivity, and the broken line represents the imaginary part. The effective permittivity is real in this case, which indicates that there is no acoustic energy leaked into the substrate. The plot shows that for phase velocities around 7000 m/s (the first generalized SAW mode solution), a pole and a zero are found. Similar pole and zero are found for phase velocity close to 10 000 m/s (the second SAW mode). The zeros correspond to the surface wave solution for a free surface, because the charge density is zero. The poles indicate the surface wave solution for a metallized surface, because it gives a finite charge density at zero electric potential.
Shown in
Shown in Fig. 3 is the phase velocity dispersion of the first two SAW modes (first mode: thicker solid line; second mode: thinner' solid line) of the ZnO/diamond/Si-layered half space with free surface boundary condition. The dispersion was calculated based on the aforementioned effective permittivity approach. In Fig. 3 , the thicker dashed line represents the phase velocity dispersion of the first mode of a ZnO/diamond-layered half space, and the thinner dashed line is the second mode. The results show that the diamond layer can be treated as a half space so far as f h z n o value is high enough. (In this case, for the first mode, the separation f h z n o value is around 350 m/s.) It is worth noting that the dispersion curves of the first two SAW modes come very close to each other but do not cross as mentioned in [6] . At frequency-thickness fhz,o = 1247 m/s (1386 MHz), there exists high curvature bend for both of the first two modes. Instead of decreasing smoothly, the first mode of surface acoustic wave bend down at fhzno = 1247 m/s, and the second mode bend up. As will be shown later, the frequency at which the phase velocity changes sharply corresponds to a sharp change in the electromechanical coupling coefficient for both modes.
FREQUENCY RESPONSES OF A ZNO/.DIAMOND/SI-SAW DEVICE
The frequency response of an unapodized transducer using the effective permittivity method can be expressed as [14] where W is the overlap length of the IDT electrodes and L is the length of the unapodized transducer. The wavenumber P ( w ) is taken to be -where vo is the free surface velocity (open circuit velocity). It is worth noting that for this layered system, vo is a function of frequency w and can is defined as [14] where IC, is the wave number along the x-direction of the plane harmonic wave defined in Section 11. The Fourier transform of the electrostatic charge density p,(p) for IDT transducers with regular electrodes can be expressed as [14, eq. (4.85)] P, (P) = Zf (P)Pf (PI (22) where zf(p) and pf(p) are the Fourier transform of the array factor and the elemental charge density, respectively. The array factor is represented by
n=l where Pn is defined in Fig. 4 . The elemental charge density of an IDT with regular electrodes is listed in Appendix B for convenience. transducer on a ZnO/diamond/Si-layered structure based on the delta function (dotted line), dispersive delta function (dashed line) [9] , and the effective permittivity (solid line) models. The thickness of the diamond layer is 22 pm, and that of the ZnO layer is 0.9 pm. The center frequency was chosen at 900 MHz, and the number of electrode pairs was 20. The results showed that both the dispersive delta function model and the effective permittivity model could show the reduction of the null frequency bandwidth. A close examine of the frequency response calculated by the effective permittivity model reveals that there is a center frequency shift from 900 to 901.92 MHz. The reason for this shifting of the center frequency may be explained from (20), in which there are three frequency-dependent functions a, fi, and p,(@). Fig. 6 shows the calculated frequency dependence of the functions a, fi, and p,(P) in the neighborhood of the center frequency. Results showed that , , & is a slow-varying function in this frequency region, and p,(P) is symmetrical with respect to the center frequency. The function is asymmetrical with respect to the center frequency and monotonically increases. Therefore, we note that the slight increase of the center frequency is mainly due to the monotonical increase of a on the frequency for this case. In the last section of this paper, we will propose a way to avoid this kind of center frequency shifting. 
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IV.. THE ELECTROME:CHANICAL COUPLING COEFFICIENT
The electromechanical coupling coefficient K," can be defined as [15] K," = 2 r s~L w ) (24) where E ;~) is the effective permittivity at infinite slowness and r, can be calculated exactly from (24). By using the Ingebrigtsen approximation [16] , the electromechanical coupling coefficient K," of a piezoelectric medium can be approximated as where vm is the surface wave velocity with metallized surface and ZIO is the free surface w:me velocity defined as before.
The solid lines shown in Fig. 8 and the thinner solid line is the second SAW mode. Based on (24), the electromechanical coupling coefficients for the two first SAW modes are calculated: the thicker dashed line represents that of the first SAW mode, and the thinner dashed line represents the second SAW mode. The results show, for both modes, at fhzno = 1247 m/s (1386 MHz), where the phase velocity changes sharply, in accordance with the frequency, where the electromechanical coupling coefficient changes dramatically. It is worth noting that at this sharp change frequency, K," of the first mode goes to almost zero, and that of the second mode goes to a maximum. Study on the electromechanical coupling coefficient for SAWS with ZnO on diamond-layered structure has been made by Adler and Solie [6]. They pointed out that the coupling coefficient calculated at constant frequency is about four times larger than that calculated at constant wavelength. They also suggested that, for a dispersive structure, the independent variable is frequency, and the constant frequency value should be used.
We note that the calculation of the electromechanical coupling coefficient K," reported in [6] is based on (25). In the following, we will show that if K," is calculated using (24), the difference caused by calculation at constant frequency and constant wavelength disappear. Fig. 9 shows the coupling coefficients of the ZnO/diamond/Si-layered structure calculated by using (25) (dashed line) and (24) (solid line) at constant frequency. The coupling coefficients of the first mode are denoted by thicker lines, and those of the second mode are denoted by thinner lines. The IDT transducer is assumed to place on top of the ZnO layer (Fig. 1) . The results showed that the coupling coefficient of the first mode (thicker line) calculated based on (25) is much smaller than that based on (24). For the second mode, the difference between these two ways of calculation is smaller than that of the first mode. Fig. 10 shows coupling of the same structure calculated at constant wavelength. In this situation, it is clearly seen that, for the first mode, the difference of coupling calculated based on (24) and (25) is even bigger than that of at constant frequency. The open circles and triangles in Fig. 10 are the experimental K," of the first and second SAW modes reported
by Nakahata et al. [7] . Results showed that the experimental values are well in accordance with those calculated from (24). Comparisons made between Fig. 9 and 10 show that the coupling coefficients of both modes calculated at constant frequency and at constant wavelength are exactly the same so far as (24) is adopted. We note that the main difference of (24) and (25) is that, in (25), rs is approximated by Ingebrigtsen's approximation, and in (24) , rs is calculated exactly.
v. PRELIMINARY DESIGN O F A DISPERSIVE SAW For the IDT transducer described in Section 111, the thickness of the ZnO layer was 0.9 pm, and the design center frequency was 900 MHz. Previous discussions showed that, with this configuration, there is a shift of the center frequency from 900 to 901.92 MHz. In the neighborhood of the center frequency, the function fl is monotonically increasing and was suspected to be the reason for the center frequency shift.
To avoid the shifting of the center frequency, the operating frequency of an IDT SAW transducer should be chosen at one of the two local maxima (points A or B) of the coupling coefficient plot shown in Fig. 9 . For the values of the electromechanical coupling coefficient K," around points A and B are symmetrical with respect to the frequencies of points A and B. Therefore, from (24) , the values of the function fl are also symmetrical. It is worth noting that, from Fig. 8 , the velocity dispersion around the first K," maximum (point A in Fig. 9 ) is less dispersive when compared with that of the second maximum (point B in Fig. 9 ).
So, it is better to choose point A in practice. For example, on choosing the thickness frequency fhzno = 1179 m/s (point A in Fig. 9 ), the thickness of the ZnO layer is 1.31 pm for a 900-MHz IDT transducer. Fig. 11 shows the frequency response of such a layered SAW with 20 and 40 electrode pairs. Results demonstrated that the center frequency is not shifted and is equal to 900 MHz as designed.
Another advantage of choosing f h,Zho value at point A of the coupling coefficient curve is that the insertion loss can be reduced significantly as shown in Fig. 11 .
VI. CONCLUSrON
An analysis of the ZnO/diamond/Si-layered SAW based on the effective permittivity approach is presented. The formulation based on the matrix method for calculating the effective permittivity of a layered piezoelectric medium is given and used to calculate the phase velocity dispersion and the electromechanical coupling coefficient of the layered system. In the layered SAW simulation, in addition to the bandwidth narrowing reported in [9], we found that there exists a central frequency shift caused by the phase velocity dispersion. The frequency shift is mainly due to the asymmetry of the function around the operating frequency. On the other hand, in the calculation of the electromechanical coefficient, results show that the sharp change of phase velocity in the dispersion curve is intimately related to the sharp change of the electromechanical coupling coefficient. We have shown that if the electromechanical coupling coefficient is calculated based on the exact effective permittivity function (24) directly, the coupling coefficients calculated at constant frequency and constant wavelengths are equivalent. Finally, we proposed a method, based on the effective permittivity approach, to design a dispersive IDT SAW transducer with zero center frequency shift and low insertion loss.
APPENDIX A
The surface impedance of the j t h layer is [13] G~ ( where Zaj are local impedances for the up-going wave and the down-going wave. Q = 1 represents decaying waves in the positive z-direction (up-going), and Q = 2 represents decaying waves in the negative z-direction (down-going) .
APPENDIX B
Consider an infinite array of regular electrodes with width a and pitch p , the elemental charge density function is [14] His research interests are surface waves in layered anisotropic and/or piezoelectric materials, SAW devices, and related sensors.
